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Revealing the ultrafast charge carrier dynamics in
organo metal halide perovskite solar cell materials
using time resolved THz spectroscopy

C. S. Ponseca Jr.* and V. Sundström

Ultrafast charge carrier dynamics in organo metal halide perovskite has been probed using time resolved

terahertz (THz) spectroscopy (TRTS). Current literature on its early time characteristics is unanimous: sub-

ps charge carrier generation, highly mobile charges and very slow recombination rationalizing the excep-

tionally high power conversion efficiency for a solution processed solar cell material. Electron injection

from MAPbI3 to nanoparticles (NP) of TiO2 is found to be sub-ps while Al2O3 NPs do not alter charge

dynamics. Charge transfer to organic electrodes, Spiro-OMeTAD and PCBM, is sub-ps and few hundreds

of ps respectively, which is influenced by the alignment of energy bands. It is surmised that minimizing

defects/trap states is key in optimizing charge carrier extraction from these materials.

1. Introduction

The seemingly unstoppable rise of organo-metal halide perov-
skite-based (OMHP) solar cells is now becoming a direct compe-
titor to the current leading technology silicon. This has been
triggered by the unprecedented increase in its overall power
conversion efficiency (PCE) reaching 20.1% in just a few years.1

This dramatic development is a result of the joint efforts of
many groups from different fields of solar cell research, i.e.
organic, dye-sensitized, quantum-dot sensitized and inorganic,
which are now focusing on this material. One can anticipate
that with this enormous attention, exciting new results will
snowball in the coming years. Already, recent reports on this
material could probably offer a hint of this scenario: it has
been shown that it can be used as light emitting diodes having
a bright visible and infrared electroluminescence, was able to
demonstrate low lasing thresholds with high quality factors2

and has been used for water photolysis with an impressive
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12.3% solar-to-hydrogen efficiency3 among others. However, a
large part of the OMHP community is dedicated to the optimi-
zation of growth, encapsulation, stability, and material devel-
opment in an effort to realize the highest PCE possible. Due to
this, fundamental studies have been taken to the back seat,
but if more actively pursued could have offered a better under-
standing of the behaviour of this material. Consequently, com-
prehension of the fundamental photophysics of the charge
carrier dynamics has remained limited. Among unresolved
issues are the nature of the initial photogenerated species,
timescale of formation of charges, mobility, scattering
time of carriers, and its recombination dynamics. In this mini-
review we will discuss available results on the early time
dynamics, that is, from sub-ps to 1 ns, of charged species in
the hope of addressing the above questions. Time resolved tera-
hertz (THz) spectroscopy (TRTS) is primarily used to directly
access the photo conductivity of the material providing insight
into the nature of charge carriers, their mobility and its time
dependence. We also refer to other optical techniques, e.g.
transient absorption and photoluminescence to complement
the TRTS results. We will start our discussion by introducing
our and other groups’ results on the charge dynamics of neat
thin films of MAPbI3 and MAPbI3−xClx in order to elucidate
intrinsic properties. Next, we will compare the dynamics of
neat OMHP and the perovskite attached to either metal oxide
TiO2 or Al2O3, which are used as electron accepting material or
as scaffold, respectively. Recent results on femtosecond charge
generation dynamics in a single crystal MAPbI3 will also be
presented. Then, the use of organic transport materials, i.e.
PCBM and Spiro-OMeTAD, which have been prevalently
utilized as possible substitutes to metal oxides will be dis-
cussed. Lastly, we attempt to paint a picture of the early time
behavior of this material and its implications to the perform-
ance of solar cells. The works presented here are collections of
papers in the past few years on the understanding of charge
carrier dynamics using TRTS as primary measurement tool.
Although there are rather few groups that have access to this
facility, and therefore papers based on the results of such
measurements are not numerous, the conclusions drawn are
unanimous: OMHP materials have nearly ideal solar cell
characteristics namely, charge generation in the ultrafast time-
scale, very high and nearly balanced mobility of charge
carriers, and very slow recombination, rationalizing its very
high overall PCE.

The primary result of TRTS is the change in conductivity
(Δσ) of the material following optical excitation as expressed
by the equation:

Δσ ¼ ξ� ðμe þ μhÞ ¼ �ΔEexc ωð Þ
ΔEgs ωð Þ

ε0c
Fe0

1
1� e�αL ð1Þ

where ξ is quantum yield of charge generation, µe and µh
are the electron and hole mobility, respectively, ΔEexc is the
THz electric field transmitted through the sample after photo
excitation while ΔEgs is the ground state THz electric field, ε0
is permittivity of vacuum, c is velocity of light, F is the fluence

in ph cm−2, e0 is the elementary charge, α is the absorption
coefficient, and L the thickness of the sample. The quantity
that is obtained from the above equation has the unit of mobi-
lity in cm2 V−1 s−1. By definition, Δσ is a product of two quan-
tities, quantum yield and mobility. At the earliest timescale, ξ
is assumed to be 1, while at longer times this represents the
change in charge population at a particular time in the
material. The assumption of ξ = 1 means that all absorbed
photon is converted to mobile charges. Since accurate
measurement of ξ is currently not available in the literature,
this assumption means that mobility reported here is the
lowest estimate of mobility and that it can be an order higher
if one assume this as 10%. As we would be discussing towards
the later part of this work, by scanning the full THz waveform
and fitting it with the Drude model, it is also possible to inde-
pendently obtain charge generation efficiency (or quantum
yield) and mobility. The interplay between the time-dependent
change in charge population and mobility defines the shape of
the THz photoconductivity kinetics and spectra. On one hand,
the rise in the photoconductivity kinetics elucidates generation
of charged species and/or increase in mobility of the charges.
On the other hand, decay represents decrease of the mobility
(maybe due to relaxation) and/or disappearance of charge car-
riers either by recombination, or injection to a low mobility
acceptor material. The THz photoconductivity spectrum is also
a very important and informative tool in analysing the mode of
transport of charges. The typical signature for confined or
restricted transport is a positive real part and a negative ima-
ginary part of the THz conductivity spectra, while for long
range, electron gas-like transport, both the real and imaginary
parts are positive.4 The THz photoconductivity spectrum is
obtained by fixing the pump–probe delay at some desired time
and sweeping the gating delay to record the THz electric field.
THz photoconductivity kinetics, on the other hand, is collected
by fixing the gating delay at the peak of the THz electric field
while scanning the pump–probe delay within a desired time
interval.

Shown in Fig. 1 is the schematic of the set-up while the
detailed description of the experiment can be found else-
where.5 We have previously reported that by using this tech-
nique the injection dynamics, mobility and recombination of
charges can be directly probed. In fact we reported the early
timescale behavior of several solar cell technologies which
includes organic,6–8 dye-9 and quantum dot-10 sensitized, in-
organic nanowires,11 and recently perovskite solar cells.5,12

2. Charge dynamics in neat OMHP
and OMHP on mesoporous
metal oxides

Shown in Fig. 2 is the THz photoconductivity kinetics of neat
MAPbI3, MAPbI3/Al2O3 and MAPbI3/TiO2. The neat sample pro-
vides information on the intrinsic transport properties of the
material, while MAPbI3 on nanostructured Al2O3 was studied

Minireview Nanoscale

6250 | Nanoscale, 2016, 8, 6249–6257 This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 0
8 

le
dn

a 
20

16
. D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7.

05
.2

02
5 

15
:3

7:
16

. 
View Article Online

https://doi.org/10.1039/c5nr08622a


to understand the influence of the nanostructure on the
charge carrier dynamics. To clarify the role of an electron
accepting metal oxide, MAPbI3 is introduced into nanostruc-

tured TiO2. By normalizing the amplitude of the signal to
unity, we can compare the rise times of the THz photoconduc-
tivity kinetics (Fig. 2a). The initial increase reflects generation
of charged species rather than molecular excitons since these
types of excitons are tightly bound electron–hole pairs that
have no charge. Although it is possible that such excitons are
simultaneously generated by the light excitation, it will not
influence the conductivity of the sample and therefore cannot
be seen by the technique. We also note that since the THz
probe energies used here is very low (1 THz = 4 meV), such
photoproduct cannot be detected. The rise times of neat
MAPbI3 and MAPbI3/Al2O3 is characterized by a two-step rise,
i.e. an instrument limited rise with about 70% of the total
signal amplitude, and a 2–3 ps second rise (about 30% of the
total amplitude). This can be interpreted in two ways. First, the
sub-ps rise is generation of charged species that are loosely
bound; they are mobile but not totally free from Coulombic
attraction. The second few ps rise can then be assigned to dis-
sociation of these loosely bound electron hole pairs into free
charges.5 Dissociation would result in the increase of mobility
and would manifest as additional increase in the THz photo-
conductivity kinetics, justifying the second step rise. Another
possible interpretation is that there is a distribution of exciton
and free charge formation. In this scenario, it requires that the
binding energy of photoinduced species is heterogeneous.
Heterogeneity of binding energy finds it origin from the non-
uniformity of sample quality, that is, difference in the concen-
tration of defects. Indeed, recent studies report a range of
different binding energies of this material, from a few meV to
about 50 meV.12–17 If this spread in reported values indeed rep-
resents a distribution of binding energies, and not just scat-
tered values due to measurement technique issues, then the
70% instantaneous response could correspond to direct for-
mation of free charges, originating from the part of the
material with low exciton binding energy, while the 30% few-
ps rise would represent delayed dissociation of charged
species with higher binding energy. The role of hot exciton
and relaxed exciton dissociation can be discounted since a
similar two-step rise is also observed from 800 nm pump
experiments (manuscript in preparation). It should be stressed
that the second step rise could only be observed when a
sufficiently low excitation fluence is used (<2 × 1012 ph cm−2).
This is because at higher excitation, a higher concentration of
charge carriers is created, which would cause charge pair
annihilation similar to that observed in organic solar cells.7

This process would be observed as few-ps fast decay, on a time-
scale similar to that of exciton dissociation and the two signals
therefore cancelling each other. A similar two-step rise of the
THz conductivity is observed for MAPbI3/Al2O3. This shows
that at least on the early time scale, the charge dynamics of
perovskite attached to an inert nanoporous material are
similar to that of neat MAPbI3. The film morphology on the
other hand exhibits significantly different quality and film
coverage.5 For MAPbI3/Al2O3, the film is uniform and the
optical density is often larger than 1, while for neat MAPbI3 it
is difficult to obtain a uniform film and the optical density is

Fig. 2 Early time photoconductivity kinetics of the three samples under
study (a) normalized to 1 and (b) normalized to excitation density (λexc =
400 nm, Iexc = 2 × 1012 ph cm−2). Conditions for sample preparation can
be found in the ESI of ref. 5. Reprinted with permission from ref. 5.
Copyright (2014) American Chemical Society.

Fig. 1 Schematic diagram of the time resolved THz set-up used in
probing charge carrier dynamics in OMHP solar cell. Visible pump pulse
(red) is about 80 fs while THz pulse probe is about 1 ps. Transmitted THz
electric fields, Egs (ground state) and Eexc (excited state), are Fourier
transformed and eqn (1) is used to obtain the photoconductivity spectra
at desired pump–probe delay (tpump–probe) while scanning the gate delay
(tgate). For photoconductivity kinetics tgate is fixed at the maximum of
THz electric field and tpump–probe is scanned.
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about 0.5 at the excitation wavelength (400 nm). This could
probably be the reason to the better signal to noise ratio in
MAPbI3/Al2O3 than in neat MAPbI3, while the mobility still is
similar for both films (to be discussed below). For MAPbI3/
TiO2, only a one-step ultrafast instrument limited rise was
observed. This is reminiscent of our previous reports on ultra-
fast electron injection from the RuN3 dye to TiO2 and from
CdSe quantum dots to ZnO, which have similar rise times.9,10

Therefore, it can be concluded that the injection of electrons
from the perovskite to TiO2 is also sub-ps. Optical transient
absorption measurements performed on the same sample at
similar experimental conditions show very similar timescale of
ultrafast electron injection from MAPbI3 into TiO2.

5 The favor-
able energy alignment of the conduction bands of TiO2 and
MAPbI3 breaks any or all remaining strongly bound excitons
generated by light excitation in the perovskite on the sub-ps
time scale, resulting in just one step ultrafast rise of the THz
photoconductivity kinetics.

Normalizing the THz photoconductivity kinetics to the
excitation density used (eqn (1)), the mobility obtained per
photon absorbed for neat MAPbI3 is 20 cm2 V−1 s−1 as shown in
Fig. 2(b). Since this is a neat material, the mobility obtained here
should be from both electrons and holes. As discussed above
there is an ultrafast injection of electrons from perovskite to
TiO2. This means that the 7.5 cm2 V−1 s−1 from MAPbI3/TiO2

should only be coming from the mobility of holes, since the
mobility of electrons in TiO2 is only <0.1 cm2 V−1 s−1.18 Conse-
quently, the electron mobility in neat MAPbI3 must be 12.5 cm2

V−1 s−1 since the mobility of hole was estimated to be 7.5 cm2

V−1 s−1, yielding a total mobility of 20 cm2 V−1 s−1. It should be
noted that the mobilities of electrons and holes in MAPbI3/Al2O3

are very similar to those in neat MAPbI3 since the overall ampli-
tude of the photoconductivity kinetics is very similar in the two
samples, showing that Al2O3 scaffold does not alter the mobi-
lity. These findings highlight two important properties of the
OMHP materials. First, both electron and hole mobility is very
high, at least several orders of magnitude higher than carrier
mobilities in organic solar cell materials, e.g. APFO3:PCBM6

and TQ1:PCBM,7 which is 0.005 cm2 V−1 s−1 and 0.2 cm2 V−1

s−1 respectively. Due to this high mobility, and related long
diffusion length, charges will quickly diffuse through the
active material to reach the electrodes for efficient extraction.
Second, not only that both charges are mobile, both mobilities
are quite similar (within a factor of two). This prevents creation
of built-in electric fields and space charge-limited photocur-
rents that lowers the PCE. Despite these interesting properties
of OMHP materials, the mobility remains modest in compari-
son with established silicon solar cell materials, typically
having mobilities of 1400 cm2 V−1 s−1 and 500 cm2 V−1 s−1 for
electrons and holes, respectively.19 However, such a compari-
son should be put into a proper context. OMHP is a “kitchen
chemistry-prepared” polycrystalline material, while silicon
solar cells use highly sophisticated industry developed single
crystalline grown wafers. Developing preparation methods that
can lead to low defect, high quality single crystal perovskite
could increase its mobility significantly.

With the high mobility obtained above, the next question
that arises is, how long would the charges be able to sustain
this mobility? It is highly favorable for solar cell devices to
have charges with high mobility at longer timescales, since
extraction to the electrodes would be more efficient. In organic
solar cell materials, TQ1:PCBM for example, relaxation of
mobility is seen to be in the few hundreds of ps.7 Comparison
of TRTS and TA kinetics is a useful approach to probe relax-
ation of mobility since THz photoconductivity is a product of
charge population and mobility, while TA probes the change of
absorbance of a sample which provides direct information on
the population dynamics only. Shown in Fig. 3 is the kinetics
obtained with the two techniques, measured at similar exci-
tation intensities and for the same neat MAPbI3 sample. The
signal to noise of the TA kinetics is rather low due to scattering
of the probe light (970 nm) caused by the micrometer-size
grains of the sample. Within the experimental error and up
to 1 ns, the decay of the kinetics are identical. This means that
the decay of the THz photoconductivity kinetics is due to
population decay only, since the TA kinetics have very similar
decay. Consequently, the mobility of charge carriers remains
constant on this timescale, otherwise the decay would be
faster than that observed in the TA measurements. In addition,
the THz photoconductivity spectra in Fig. 4 also support this
interpretation. For neat MAPbI3, the shape of the spectra is
very similar from 10 ps (black trace with squares) up to 1 ns,
implying that the mobility stays constant within this time
window. Interestingly, despite its high mobility and long life-
time, the THz photoconductivity spectra have a positive real
part and negative imaginary part, characteristic of a confined
mode of charge transport, i.e. charges find scattering centers,
e.g. grain boundaries, traps or defects, at distances shorter
than the material’s diffusion length.4,9,10,14 This strongly
suggests that the domain size of the sample does not permit
long range electron–gas like transport of charge.

The above results have very important implications to solar
cell devices. Not only that charges are generated on the ultra-
fast timescale and mobility is very high, it remains high for at
least 1 ns. Recombination, geminate or otherwise, is not preva-

Fig. 3 TA and TRTS kinetics of neat MAPbI3 showing similar decay rate
up to 1 ns. Reprinted with permission from ref. 5. Copyright (2014)
American Chemical Society.
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lent up to at least 1 ns giving the charges the opportunity to be
extracted at the electrodes. Measurements with the related
time resolved microwave conductivity technique, in fact show
that high mobility extends out to the microsecond time scale.5

A simple one dimensional diffusion calculation using a mobi-
lity of 12.5 cm2 V−1 s−1 (for electrons) and a thickness of
200 nm (typical for solar cell devices) results in a diffusion
time of hundreds of ps only to transverse the film thickness.
This illustrates that most, if not all, photogenerated charges
are removed from the active material, rationalizing the very high
power conversion efficiency. Despite this, the domain size
should be increased if one desires longer diffusion lengths.

Wehrenfennig et al. measured charge carrier mobility in
thin films of MAPbI3 and MAPbI3−xClx by using time resolved
THz spectroscopy as well.20 They found that the lower bound
for the mobility is 11.6 cm2 V−1 s−1 for MAPbI3−xClx and 8 cm2

V−1 s−1 for MAPbI3, which is of the same order of magnitude
as the above results. Differences in the exact value of the mobi-
lity can be related to slight differences in sample character-
istics, i.e. defects, traps, etc., brought about by somewhat
different preparation methods. Generation of charges was con-
cluded to be instrument limited,20 i.e. sub-ps, since a sharp
rise in the THz photoconductivity kinetics was observed. From
excitation intensity dependence of the decay of TRTS kinetics,
Wehrenfennig et al.20 were able to extract the Langevin rate for
recombination. It was shown that the second order recombina-
tion rate defies the Langevin limit by at least four orders of
magnitude, i.e. 8.7 × 10−11 versus 4.2 × 10−6 cm3 s−1 for
MAPbI3−xClx. Similar differences in the recombination rates
were observed for MAPbI3 (1 : 1) and MAPbI3 (3 : 1), where the
ratio is between the amount Pb and I3 in the sample. From the
obtained high mobility and very slow recombination rate, a
diffusion length of at least 1 μm was estimated.20 Such very
slow recombination rate as well as micrometer long diffusion
length were also confirmed by Savenije et al.12 This unique
characteristics is suggested to be emanating from the preferen-
tial localization of electrons and holes in different regions

within the perovskite unit cell, which could result in reduction
of spatial overlap of the wave functions, thereby lowering their
probability to meet and recombine". In a follow-up paper of
the same group, Wehrenfennig and co-workers measured the
mobility of vapour-deposited films of MAPbI3−xClx.

21 The
obtained overall mobility is 33 cm2 V−1 s−1 with a diffusion
length estimated to be at least 3 μm. The high quality film
obtained from the vapour deposited material, having very low
trap densities, was assumed to be the origin of the increased
mobility. The rate of geminate recombination for solution pro-
cessed film is lower than the vapour deposited sample, sup-
porting this assertion.21 This observation is consistent with
the THz photoconductivity spectra obtained. As shown in
Fig. 5 both the real and imaginary parts of the photoconductiv-
ity are positive, a signature of long range charge transport,
where the charges do not meet a scattering center within their
lifetime. Therefore, the quality of the vapour-deposited film is
quite high with less defects and traps.

The results presented so far are obtained from TRTS
measurements with a set-up similar to that shown in Fig. 1. A
pump probe delay time is varied in order to obtain the photo-
conductivity kinetics while the gating delay time is fixed at the
peak of the THz electric field. In this case, the photoconduc-
tivity obtained only represents the lower limit of the mobility.
Another approach is to scan the full THz electric field pulse at
each of the chosen time delays. Each of the obtained THz elec-
tric field responses is then fitted with a Drude or Drude–Smith
model to elucidate the charge generation efficiency (quantum
yield) and mobility independently.18 The group of La-o-vora-
kiat et al. implemented such a scheme and the resulting
photoconductivity kinetics trace, after fitting with a Drude–
Smith model, is shown in Fig. 6.22 At the earliest timescale,
the mobility extracted is about 250 cm2 V−1 s−1 and stays con-
stant for about 1 ns. This is the highest reported mobility for a
perovskite sample prepared using solution processing.

Fig. 4 THz photoconductivity spectra of the three samples. Reprinted
with permission from ref. 5. Copyright (2014) American Chemical
Society.

Fig. 5 Normalized, complex THz photoinduced absorption spectra of
vapour-deposited CH3NH3PbI3−xCl3 (closed symbols – real parts, open
symbols – imaginary parts). Reprinted with permission from ref. 21.
Copyright (2014) Royal Society of Chemistry.

Nanoscale Minireview

This journal is © The Royal Society of Chemistry 2016 Nanoscale, 2016, 8, 6249–6257 | 6253

Pu
bl

is
he

d 
on

 0
8 

le
dn

a 
20

16
. D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7.

05
.2

02
5 

15
:3

7:
16

. 
View Article Online

https://doi.org/10.1039/c5nr08622a


However, the shape of the THz photoconductivity spectrum
nevertheless indicates confined charge carrier transport,
which is expected for a solution processed sample. Equally
interesting, though, is the estimate of the quantum yield (ξ),
which is the number of free carriers generated per incident
photon absorbed. It was reported in Table 1 of ref. 22 that this
value is only 5%. In the work of Ponseca et al.5 and Wehrenfen-
nig et al.20 ξ is assumed to be 1, leading to THz mobility of
20 cm2 V−1 s−1 and 11 cm2 V−1 s−1 respectively. An equally
high mobility (∼200 cm2 V−1 s−1) as in ref. 22 would, however,
be obtained from the measured photo conductivities in ref. 5
and 20, if the same low charge generation yield reported in ref.
22 (ξ = 5%) would be used. This shows that establishing the
charge generation yield is essential for correct determination
of carrier mobility. In addition, it is important to realize that
differences in sample characteristics will lead to more or less
subtle differences in the mobilities obtained. Taking these
considerations into account, the conclusion indeed is that
mobilities are high in these materials.

One of the most attractive characteristics of perovskite solar
cell materials is that it can be prepared using kitchen chemi-
stry, that is, by using standard solution processing techniques
one can obtain decent power conversion efficiency, i.e. >10%.
The mobilities presented above are from this solution pro-
cessed materials deposited to a substrate by spin coating. As
such, slight deviations to preparation method would entail
different concentration of defects and/or traps and thereby
changing and lowering the obtained mobility. In addition,
there is also a distribution of crystallographic structures
obtained, since solution processing does not have control over
details of growth conditions. Therefore, it is of fundamental
importance to know the intrinsic material properties, which
could represent the upper limit of the performance of perov-
skite solar cells. In this regard, a single crystalline grown per-
ovskite is of utmost significance in answering these questions.

Valverde-Chávez and co-workers have very recently
measured the mobility of single crystal MAPbI3 using TRTS.23

The approach is similar to that of La-o-vorakiat et al.; the full

THz electric field response, within a certain frequency range,
is obtained at each desired pump probe delay and fits the
spectra to a Drude or Drude–Smith model.23 Unlike in thin
films, phonon modes in single crystals are stronger due to con-
tinuity of the crystal domain. This presents a complication in
measuring single crystal perovskite using the conventional
TRTS since the observed modes fall within the THz frequency
spectrum of 0.1–2.5 THz.

To circumvent this difficulty, an ultra-broad-band THz
pulse is used with a frequency span of 1–30 THz (4–80 meV).
Details of generation and detection of this THz pulse, as well
as the experimental set-up can be found elsewhere.24 Fig. 7(a)
shows the time dependence of mobility obtained from global
fits of a Drude model to the experimental spectra taken at two
fluences. The rise of the THz photoconductivity kinetics is
about 40 fs, while the shape of the kinetic traces clearly show
long range transport. At the earliest timescale, the mobility is
about 800 cm2 V−1 s−1 and then relaxes to about 550 cm2 V−1

s−1 after about 100 ps for both fluences. Such very high mobi-
lity can be directly correlated to the almost perfect crystallinity
of the single crystal, as well as the very small density of
defects. However, a noticeable rise in the mobile carrier charge
generation efficiency (quantum yield) is observed on the sub-

Fig. 6 THz mobility of MAPbI3 obtained from Drude–Smith fits as a
function of pump–probe time delay. Reprinted with permission from
ref. 22. Copyright (2015) Nature Publishing Group.

Fig. 7 (a) THz mobility of single crystal MAPbI3 obtained from Drude–
Smith fits as a function of pump–probe time delay and (b) concentration
of mobile charge carrier per photon absorbed. Reprint with permission
from ref. 23. Copyright (2015) Royal Society of Chemistry.
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ps timescale, i.e. from 9% to about 13%, which could also
explain the decrease of mobility, Fig. 7(b). Thus, examining
the shape of the THz spectra, it was concluded that this is due
to dynamic screening of infrared active phonons and back-
ground Debye relaxation of the CH3NH

+3 cation brought about
by the photogenerated free charge population. The mobility
measured here could probably represent the upper limit of the
intrinsic mobility of this material. We note however that there
are also several ways to grow single crystal perovskites. One can
expect that each of these methods could lead to a lesser
concentration of defects and therefore higher mobility.

There are also efforts in understanding the temperature
dependence of these materials using TRTS. In the work of
Milot et al., an increase in the mobility of charge carriers
(∼150 cm2 V−1 s−1) were probed as the temperature is lowered
(77 K, orthorhombic phase).25 They found that there is a t−1.5

dependence in the mobility, very similar to that of silicon.26

Similar results were obtained by the group of Karakus et al.,
(∼150 cm2 V−1 s−1 at 77 K) which they surmised as due to less
phonon–electron interaction at low temperature.27 In the later
timescale, i.e. from hundreds of ns to few us, we obtained
analogous temperature dependence which were assigned to
quieting of phonons.12

3. Charge transfer to organic
acceptor materials

The use of organic acceptor materials could be more compati-
ble with the OMHP than metal oxides, since these molecules
are also prepared by solution processing similar to the active
perovskite material. The most commonly used are PCBM as
electron transporting molecule and Spiro-OMeTAD for hole
transfer. The dynamics of charge transfer from MAPbI3 to
these molecules are not so well studied and this section of the
mini-review presents the timescale of injection from the per-
ovskite to the organic charge acceptor using TRTS.

The photoconductivity kinetics of neat MAPbI3, as well as
MAPbI3/PCBM and MAPbI3/Spiro-OMeTAD are shown in Fig. 8.
The TRTS mobility measured for this particular sample of
neat perovskite is the highest (15 cm2 V−1 s−1) and there is a
relatively small decay up to 1 ns. The MAPbI3/Spiro-OMeTAD
photoconductivity kinetics are similar, but its mobility, already
at the earliest times, is at least three times lower, i.e. 5 cm2 V−1

s−1. This means that either charges have recombined on a time
scale shorter than the instrument response of the set-up, or
the reduction of the signal is due to disappearance of holes or
electrons. From previous studies it is known that charge
recombination occurs on many ns to µs time scale, strongly
dependent on carrier density.5,14 Therefore, this mechanism
can be ruled out as explanation of the reduced signal. Conse-
quently, this suggests that the observed differences in mobility
of the two samples is due to a very fast injection of holes from
the perovskite to Spiro-OMeTAD. The large energy offset
between the valence bands of MAPbI3 and Spiro-OMeTAD

(0.57 eV),28 is enough to promote sub-ps hole injection,
despite the fact that no additives, e.g. LiTFSI, or similar was
added in this sample. A recent optical transient absorption
study of hole injection found that charge transfer from the per-
ovskite to Spiro-OMeTAD is 0.7 ps.29 The mobility measured
for MAPbI3/Spiro-OMeTAD, which is 5 cm2 V−1 s−1 should
therefore be due to the electrons left in the conduction band
of the perovskite, since holes are already in the Spiro-OMeTAD.
For at least 1 ns, these electrons remain mobile and could not
find any traps and/or holes to recombine with as the photocon-
ductivity kinetics remain flat up to this time scale. The mobi-
lity measured in this sample is somewhat lower than that
reported in the previous section. This can be explained, as
mentioned several times before, by different preparation con-
ditions during sample growth. Moreover, we concluded that in
these particular samples, the perovskite is an unintentionally
p-doped material that could have removed the photoinduced
electrons even before the probe pulse arrived. Detailed discus-
sion of this can be found elsewhere.30

The initial THz mobility of the MAPbI3/PCBM sample is
15 cm2 V−1 s−1 very similar to that of neat MAPbI3. However, a
slow decay is noticeable after a few hundred ps and the total
signal is reduced to about a third after 1 ns. This means that
at the earliest time scale, both electrons and holes are gener-
ated in the perovskite but then slowly disappearing. As
explained above, such decay could be either recombination or
injection. From literature it is known that PCBM has been
used as electron accepting and transporting material31,32 and
therefore it can be surmised that this decay, at least partially,
reflects electron injection from MAPbI3 to PCBM.33 Moreover,
the small offset between the conduction bands of perovskite
and PCBM (0.3 eV), could retard the injection process.28 Elec-
tron injection from perovskite to PCBM as reported by Xing
et al. using transient absorption spectroscopy (0.4 ns) falls
within the timescale of photoconductivity decay observed here
(Fig. 7). If one on the other hand assumes that electron injec-

Fig. 8 TRTS photoconductivity kinetics of neat MAPbI3, MAPbI3/PCBM
and MAPbI3/Spiro-OMeTAD for 1 ns. Reprint with permission from ref.
30. Copyright 2015 American Chemical Society.
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tion is faster than a few tens of ps, then the initial THz photo-
conductivity kinetics should have been lower than that seen in
neat MAPbI3 since electrons would have already disappeared,
which is not the case here. Once injected into PCBM, electrons
will be pinned very close to the interface, because of the low
electron mobility in PCBM (∼10−3 cm2 V−1 s−1).6 This inevita-
bly leads to electron recombination with the photoexcited
holes in the valence band of perovskite and probably also with
the dark holes present as a result of the unintentional p-
doping.33 Excitation dependent second order recombination
could occur on the same timescale as well. However, looking at
the flat kinetics of the neat perovskite, one can disregard this
process. Finally, it can be concluded that the hundreds of ps
decay in the MAPbI3/PCBM photoconductivity kinetics is a
result of a convolution of two processes – electron injection
and recombination between injected electrons in PCBM and
holes in the perovskite.33

4. Summary and outlook

Measurements of mobility in thin films of MAPbI3 perovskite
yielded similar results from different groups. Subtle differ-
ences observed are probably to a large extent related to differ-
ences in the methods employed in sample preparation. Higher
mobility is obtained for a single crystal perovskite, which is
due to lower concentration of defects. Mechanism of charge
injection is shown to be influenced by the energy band align-
ment between the perovskite and organic electrodes, while its
recombination is strongly influenced by unintentional
p-doping of the perovskite, an effect brought about by the con-
centration of defects that traps electrons. All of these results
point to a very important parameter that controls charge
carrier dynamics in these materials: defects. The state and con-
centration of defects, brought about by different preparation
routes and protocols, should be foremost concern in order to
realize a better performing solar cell.

Through the use of time resolved THz spectroscopy, these
early time processes in perovskite solar cell materials were
obtained. There are two other possible ways where TRTS can
contribute in understanding the charge carrier dynamics in
these materials. First is to investigate the photophysics of per-
ovskite in nanometer scale, that is, by focusing the THz pulse
into the tip of an scanning tunnelling microscope (STM)
similar to that demonstrated by Cocker et al. in gold nano-
islands.34 Using this scheme, investigations of defect sites could
be possible since a 2 nm spatial resolution was obtained in
that work. Another approach is to use TRTS in scanning large
scale, commercial-size, e.g. in the order of 1 m2, perovskite
solar panel. This could help in mapping defect zones within
the panel and identify possible faults in manufacturing com-
mercial scale solar cells. Both in these micro- and macro-
meter strategies, TRTS can be proven valuable not only
in revealing fundamental processes but also in providing
insights for possible optimization of processes for solar cell
industry.
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